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A giant exchange bias field of up to 1170 Oe was observed in the Mn 2 Ni 1.6 Sn 0. 4 Heusler alloy. A reentrant spin glass phase and a ferromagnetic martensitic phase coexist below the blocking temperature as confirmed by dc magnetization and ac susceptibility measurements. Exchange bias in Mn 2 Ni 1.6 Sn 0.4 is thought to originate from the interface exchange interaction between the reentrant spin glass phase and the ferromagnetic martensitic phase. X-ray diffraction and selected area electron diffraction results demonstrate that excess Mn atoms occupy Ni and Sn sites randomly. In this way, Mn-Mn clusters are formed and constitute the reentrant-spin-glass phase. Recently, many Heusler alloys possessing the exchange bias (EB) property have been identified, including the Ni-Mn-X (X ¼ Sb, Sn, and In) alloys. [1] [2] [3] [4] [5] [6] [7] [8] Wang's group, in particular, has found that the EB field (H E ) in Mn 2 Ni 1.6 Sn 0.4 is as high as 910 Oe. 9 This is the largest value so far found in Ni-Mn-X Heusler alloys. The flurry of interest in the EB property stems from its application in magnetic read heads, spin valves, permanent magnets, and many other devices. 10 These important applications are based on the EB field created at the interface between ferromagnetic (FM) and antiferromagnetic (AFM) phases. Most investigators have thought that in Heusler alloys, the Mn atoms at regular sites constituted the FM phase and the excess Mn atoms at Ni or X (X ¼ Sb, Sn, and In) sites acted as the AFM phase. The EB was then thought to originate from the AFM exchange interaction between the regular and excess Mn atoms. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, the excess Mn atoms are coupled ferromagnetically, they are not suitable for use as the pinning phase (AFM phase), because the pinning phase should have higher magnetic anisotropy than the pinned phase (FM phase). This is why no EB phenomena have been observed in Mn 2 NiGa Heusler alloy, although it has both regular and excess Mn atoms. In addition, considering that in this model both the regular and excess Mn atoms occupy the same lattice, that is to say, their relative positions are at the angstroms scale, whereas the FM and AFM phases should be separated by nanometers at least, it seems not appropriate to say that the regular Mn atoms serve as the FM phase and the excess Mn atoms act as the AFM phase. Thus, the physical mechanism of the EB in Heusler alloys is not clear at present. In this letter, we report the observation of a quite large EB field of up to 1170 Oe in the Mn 2 Ni 1.6 Sn 0.4 alloy prepared by the deep cooling method and discuss in detail the physical mechanism of the EB.
Mn 2 Ni 1.6 Sn 0.4 was prepared by the arc melting method and annealed at 1073 K for 72 h, then quenched in liquid nitrogen. The crystal structure was characterized by x-ray diffraction (XRD) and transmission electron microscopyselected area electron diffraction (SAED, FEI Tecnai F20 operating at 200 kV). The magnetization measurements were performed in a physical property measurement system (PPMS-14, Quantum Design, Inc.) in the temperature range from 5 to 300 K. 9 Both the composition and annealing temperature were the same as in Ref. 9 , only the quench temperature is different, suggesting that the more rapid cooling may be the reason for the larger EB in our system. 11 On the other hand, double-shifted hysteresis is observed after ZFC. Similar behavior is often observed in some EB materials with inhomogeneous magnetic phases. In order to confirm this, ZFC and FC curves were measured as shown in the inset of Fig. 1 . It can be seen that the ZFC and FC curves begin to split at 150 K. This suggests that different magnetic anisotropy phases exist in Mn 2 Ni 1.6 Sn 0.4 . The Curie temperature of the martensitic phase (T C M ) was observed at about 160 K just below the martensitic transformation. Therefore, at least the FM martensitic phase should exist in Mn 2 Ni 1.6 Sn 0.4 at low temperature. Figure 2 shows the temperature behavior of the real (v 0 ) and imaginary (v 00 ) components of the susceptibility for Mn 2 Ni 1.6 Sn 0.4 sample. It is remarkable that the shoulder at $130 K in the v 0 (T) curve shifts toward higher temperature with increasing frequency. This temperature at the shoulder is defined as the blocking temperature associated with the frequency T f (x), where x ¼ 2pf. There is also a peak in the v 00 (T) curve which falls off suddenly near T f (x). This is an indication of a frustrated magnetic state. The value of DT f ½T f Dlog 10 x À1 can be used to describe the magnetic order of the system. This value typically lies between 0.005 and 0.08 for a spin glass (SG) and is $0.1 for noninteracting super paramagnetic materials. 12 For Mn 2 Ni 1.6 Sn 0.4 sample, the value is 0.023. Therefore, the SG nature of Mn 2 Ni 1.6 Sn 0.4 is strongly indicated by the AC measurements. It is interesting to observe that the other two shoulders at $160 K and $170 K also appear in the v 0 (T) curve but do not show any dependence on frequency. The former at $160 K also has a shoulder in the v 00 (T) curve and it should correspond to T C M according to the DC measurements shown in Fig. 1 . On the other hand, the shoulder at $170 K does not have a signal in the v 00 (T) curve and likely corresponds to the Curie temperature of the SG phase (T C RSG ). Therefore, the SG phase in Mn 2 Ni 1.6 Sn 0.4 is not a canonical spin glass but rather a reentrant spin glass (RSG). 13 The discussion above may be summarized as follows. As the temperature is lowered from 180 K, the RSG phase in Mn 2 Ni 1.6 Sn 0.4 first undergoes a transition at $170 K from a paramagnetic (PM) state to a FM state. Then, at $160 K, the martensitic phase in Mn 2 Ni 1.6 Sn 0.4 also undergoes a transition from a PM state to a FM state. Finally, the RSG phase in Mn 2 Ni 1.6 Sn 0.4 enters into a spin frustrated and frozen state at $130 K. This means that the short-range FM order RSG phase and the long-range FM order martensitic phase are intrinsic separated phases in the Mn 2 Ni 1.6 Sn 0.4 system.
In order to investigate the interaction among RSG clusters in Mn 2 Ni 1.6 Sn 0.4 system, the Vogel-Fulcher law, x ¼ x 0 exp [ÀE a /k B (T f À T 0 )], is adopted. In this expression, x is the measurement angular frequency, x 0 is the characteristic frequency of the SG, E a is the activation energy of the RSG, k B is Boltzmann parameter, T f is blocking temperature defined above, and T 0 is the Vogel-Fulcher temperature describing the interaction among RSG clusters. 14 The best fit to the data is shown by the red line in the inset of Fig. 2 . The fitted values of E a /k B , x 0 , and T 0 are 75 K, 2 Â 10 6 rad/s, and 113 K, respectively. Note that the value of T 0 is much larger than that for Ni 2 Mn 1.36 Sn 0.64 (81.5 K). 5 This confirms that the exchange interaction among RSG clusters in Mn 2 Ni 1.6 Sn 0.4 is stronger than that in Ni 2 Mn 1.36 Sn 0.64 . Fig. 3 compares the ZFC and FC hysteresis loops of Mn 2 Ni 1.6 Sn 0.4 at 5 K. As is evident in inset (a), the ZFC hysteresis loop is symmetric and the FC hysteresis loop has a displacement along the field axis due to the EB. It is also interesting to observe that the ZFC curve is not easily saturated, as shown in inset (b). In fact, its saturation magnetization never matches that of the FC curve and its magnetization reversal is smooth, while the magnetization reversal of the FC curve suddenly speeds up in a negative field between À1.5 T and À4 T. The same kind of magnetic behavior is also observed between 1 T and 2 T. This indicates that some spin clusters of RSG could rotate with the applied field after 13 T FC. This fact can be interpreted in terms of a distribution of magnetically hard domain clusters. For the sample after ZFC, the clusters are assumed to stabilize in their own unidirectional anisotropy field of random orientation as shown in inset (c). In this case, the energy barrier between the clusters and the applied field which must be overcome during the magnetization process is different and varies continuously, so the magnetization reversal is smooth. On the other hand, for the sample after 13 T FC, the clusters would all stabilize in the same applied field orientation as shown in inset (d). In this case, the energy barrier is the same and lower than that of the ZFC sample, thus the sudden increase of magnetization noted above is observed during the magnetization reversal process. It was also noted that the value H E ¼ 650 Oe (or H C ¼ 220 Oe) of the sample after 13 T FC was smaller (or larger) than that of the sample after 0.05 T FC. Considering the EB system, two different opposite limiting cases can be predicted, depending on the strength of the pinning phase anisotropy. If the pinning phase anisotropy is large, one should observe only a shift of the hysteresis loop, while for small pinning phase anisotropies, the only observed effect should be a coercivity enhancement (without any loop shift). 15 As a result, we can conclude at least that the higher applied field destroys the macroscopic unidirectional anisotropy of the RSG phase. Fig. 4 shows XRD patterns for Mn 2 Ni 1.6 Sn 0.4 . The sample is a pure bcc structure with calculated lattice parameters of a ¼ b ¼ c ¼ 6.010 Å . Some order-dependent superlattice reflection peaks, such as (111) and (113), were also observed, but the (200) superlattice reflection peak was invisible. This indicates that the excess Mn atoms not only occupy Sn sites but also occupy Ni sites resulting in the enhancement of the (111) peak and the weakness of the (200) peak. 16 The inset of Fig. 4 shows the SAED pattern along the [001] zone axis in Mn 2 Ni 1.6 Sn 0.4 . The main diffraction spots in this pattern can be well indexed as bcc structure, which is in agreement with the XRD results. Furthermore, some additional diffuse reflections can be clearly recognized. This demonstrates that visible local inhomogeneities exist in Mn 2 Ni 1.6 Sn 0.4 , and are likely to be RSG regions. According to the investigation of Gigla et al., the inhomogeneities may arise from atomic disorders. 17 Considering the excess Mn atoms and the deficiency of Ni and Sn atoms in Mn 2 Ni 1.6 Sn 0.4 , the distribution of excess Mn atoms in the Ni and Sn sites is evidently random, so it is natural to assume that disordered Mn-Mn clusters are formed in the austenitic phase. The martensitic transition is a diffusionless transition. Thus, the Mn-Mn clusters should be maintained to low temperature. In this sense, the RSG phase is considered as made up of disordered Mn-Mn clusters. It should be noted that the exchange interaction between the FM martensitic phase and the Mn-Mn clusters formed by Mn occupying Ni sites is much stronger than that between the FM martensitic phase and Mn-Mn clusters formed by Mn occupying Sn sites. This is because the Ni-Mn distance is shorter than that of Sn-Mn in Heusler alloys. Therefore, the high Mn concentration in Mn 2 Ni 1.6 Sn 0.4 can dramatically increase the anisotropy of the RSG phase. This is the reason why the H E in Mn 2 Ni 1.6 Sn 0.4 is much larger than that in Ni-Mn-X.
In summary, we have observed giant exchange bias phenomenon (H E ¼ 1170 Oe) in the Mn 2 Ni 1.6 Sn 0.4 alloy using a deep cooling method. DC and AC magnetization measurements confirm that RSG and FM martensitic phases coexist below the blocking temperature (T f ¼ 117 K). These two phases are responsible for the observed EB. The unidirectional magnetic anisotropy of the RSG phase in Mn 2 Ni 1.6 Sn 0.4 is stronger than that in NiMnX alloys but lower than the AFM phase. XRD and SAED measurements indicate that the excess Mn atoms in Mn 2 Ni 1.6 Sn 0.4 not only occupy Ni and Sn sites but also have a random occupation. Therefore, Mn-Mn clusters can be formed and compose the RSG phase. 
